A fluorescently labeled version of a population-specific oligonucleotide hybridization probe was used to monitor the enrichment and isolation of a sulfate-reducing bacterium from a multispecies anaerobic bioreactor. The organism was originally identified as a molecular isolate that was phylogenetically related to Desulfovibrio vulgaris by amplification and sequencing of part of its 16S rRNA sequence. The sequence, in turn, was used to design a population-specific probe. The anaerobic medium used for the organism s enrichment and isolation was based on the physiological properties of the its closest relatives as identified by sequence comparisons. Of 30 isolates examined, only 3 hybridized with the probe. Nearly complete 16S rRNA sequences determined for each of these three isolates (i) had no mismatches with the probe target site, (ii) were identical to the amplified partial sequence of about 500 nucleotides and to one another in all other positions, and (iii) were 93.9% similar to that of D. vulgaris. In addition, one isolate chosen for further study (strain PT-2) had a substrate specificity comparable to that of D. vulgaris. These results confirmed that polymerase chain reaction amplification of 16S rRNA sequences from environmental samples can be accurate and can also provide phylogenetic information from which aspects of a population's physiology can be inferred.
The use of molecular methods to describe microbial populations in natural communities has attracted considerable interest (for a recent review, see reference 17) . In particular, the direct amplification of 16S rRNA genes from environmental samples by using the polymerase chain reaction (PCR) has proven to be an attractive technique for characterizing members of complex microbial communities and assemblages, because it avoids the well-known biases of culture methods (3, 4, 8, 15, 20) . Similarly, oligonucleotides complementary to specific regions of the rRNAs (or their genes) have been used as hybridization probes in determinative and quantitative studies of microbial populations within complex communities (1-5, 7, 16, 19) .
Recently, we used these two rRNA-based approaches in concert to examine gram-negative sulfate-and/or sulfurreducing bacteria (SRB) in multispecies biofilm communities established in laboratory bioreactors (4) . Phylogenetic analysis of partial 16S rRNA sequences selectively amplified from SRB that were present in an anaerobic, sulfidogenic bioreactor revealed the presence of two SRB-like population types. Population type 1 was a relative of Desulfiuromonas spp., and population type 2 was a relative of Desulfovibrio vulgaris. These sequences were then used to design population-specific oligonucleotide hybridization probes. Fluorescent versions of these probes and epifluorescence microscopy were used to visualize members of population types 1 and 2 in biofilm material that had colonized glass coverslips placed in the bioreactor. However, the accuracy (PCR fidelity) of SRB-specific 16S rRNA sequence information derived from such a complex environmental sample was still somewhat uncertain. It has been demonstrated that PCR amplification may introduce sequence errors or even result in the formation of hybrid sequences (chimeras), different parts of which derive from distinct populations (10) . The present study was undertaken to address these concerns and also to examine the utility of using oligonucleotide hybridization probes to monitor the enrichment and isolation of specific bacterial populations from the environment. For this report, we used a fluorescent oligonucleotide probe specific for population type 2 (D. vulgans relative) to monitor the enrichment and isolation of this organism and then determined the nearly complete 16S rRNA sequences of three isolates which hybridized with the population type 2-specific probe.
(A preliminary report of this work has been presented previously [12a] .) MATERIALS AND METHODS Bioreactors. Biofilm communities were developed in completely mixed fixed-bed anaerobic bioreactors as previously described (4) .
Bacteria. Population type 2 (D. vulgaris-like [4] ) bacteria were obtained in enrichment culture by incubating three biofilm-covered glass beads from a sulfidogenic bioreactor in serum-stoppered glass bottles (100-ml volume) containing 50 ml of anoxic PDP-1 medium under 100% N2 at a pressure of 1 atm (ca. 100 kPa). The bottles were kept stationary and incubated vertically at 30'C. The bottles were samples periodically and examined for the presence of population type 2 cells by fluorescent-probe hybridization and epifluorescence microscopy (see below).
Medium. Aqueous PDP-1 medium contained (grams per liter) NH4Cl (2.0), K2HPO4 (0.5), Na2SO4 (2.0), FeCl2 (0.01), CaCl2. 2H20 (0.2), MgSO4 (2.0), yeast extract (1.0), and resazurin (10-a). In addition, PDP-1 medium contained 1 ml of a mineral salts solution per liter (24) . The pH of the solution was adjusted to 7.2 with NaOH, and the solution was heated to boiling and then cooled under an O2-free atmosphere of N2 and dispensed by using anaerobic techniques into appropriate bottles or tubes, which were then autoclaved. Cysteine colorimeter.
Cell fixation, hybridization, and photomicroscopy. Cells were fixed and loaded into one of six hybridization wells contained on a gelatin-dipped, Teflon-coated slide, and hybridizations were carried out and visualized by epifluorescence microscopy as described elsewhere (2) , except that following hybridization reactions the slides were washed in hybridization buffer (15 min, 37°C) rather than in the wash buffer that was used previously. The fluorescently labeled oligonucleotide hybridization probes specific for bioreactor population types 1 and 2 have also been previously described (4), as has the hybridization of radioactive probes to phylogrid membranes and the organisms and'nucleic acids used for such analyses (7).
16S rRNA sequencing and phylogenetic analysis. Nucleotide sequences were determined primarily by the dideoxynucleotide method, by using reverse transcriptase and 16S rRNA as the template (9) . Nearly complete sequences were obtained by initiating reactions with one of seven oligonucleotide primers complementary to high conserved regions of the bacterial 16S rRNA (23) . The primer sequences were as follows (the numbers in parentheses indicate the positions on Eschenichia coli 16S rRNA, and the letters indicate the priming direction [R, reverse; F, forward]): CTGCTGCCTC CCGTA (357 to 343, R), ACCGCGGC(G/T)GCTGGC (531 to 517, R), TACGCATlITCACTCCT (703 to 687, R; this primer sequence specifically complements the 16S rRNAs of members of the genus Desulfovibrio [6, 7] ), GCCCCCG(T/C) CAATTCCT (930 to 915, R), TGGGTCTCGCTCGTTG (1,115 to 1,100, R), ACGGGCGGTGTGT(G/A)C (1,406 to 1,392, R), and TACCTTGTTACGACTT (1,512 to 1,496, R).
Direct sequencing of the PCR amplification products (16S rDNA) was also used to confirm and extend sequences first determined by the reverse transcriptase method. PCR reactions were carried out as described by Shyamala and Ames (14) by using the following primers: GT'lTGATCCTGGCT CAG (complementary to positions 11 to 28 on theE. coli 16S rRNA) and TACCTITGTITACGACTE7 (complementary to positions 1,512 to 1,496 on theE. coli 16S rRNA). Sequences were then determined by using Sequenase (U.S. Biochemical, Cleveland, Ohio), asymmetric PCR products as the template for reactions, and the following sequences as primers: GCAACGAGCGCAACCC (1,099 to 1,114, F) and TGCTACACACCGCCCGT (1, 391 to 1,406, F) . For phylogenetic analyses, sequence similarities were calculated and a phylogenetic tree was inferred as described previously (4).
Chemicals. All chemicals were reagent grade and were purchased from commercial sources.
Nucleotide sequence accession number. The 16S rRNA sequence of strain PT-2 has been deposited with GenBank under accession no. M89496.
RESULTS
Enrichment and isolation of SRB. To obtain cultures of bacterial population types 1 and 2, enrichments were initiated by inoculating three biofilm-covered glass beads from a sulfidogenic bioreactor into 50 ml of appropriate medium. Procedures for the enrichment of Desulfuromonas spp. and D. vulgaris were used for population types 1 and 2, respectively (11, 12) , because these were the closest relatives of the two bioreactor SRB-like populations, as identified by their partial 16S rRNA sequences (4). Although a number of different medium variations to enrich for population type 1 (Desulfuromonas spp.-like) bacteria (i.e., cells that oxidize acetate and reduce sulfur [11] ) were attempted, there was no observed sulfur reduction in enrichment bottles, and no cells in such enrichments hybridized with the fluorescently labeled population type 1-specific probe. However, when PDP-1 medium and lactate were used as the carbon source, enrichments for population type 2 (D. vulgaris-like) bacteria resulted in considerable production of a black precipitate (presumably FeS) and a highly enriched culture of cells which hybridized to the population type 2-specific probe (Fig. 1A and B) . Subsequently, 30 isolated colonies from PDP-1 agar roll tubes were picked and separately inoculated into tubes containing fresh PDP-1 broth medium. Three of these isolates contained cells which hybridized with the fluorescently labeled population type 2-specific probe (Fig.  1C and D) . The three isolates were morphologically identical, gram-negative, motile, curved rods measuring 2.0 to 8.0 by 0.5 to 1.5 ,um. The strains were then passaged a second time through roll tubes to ensure that each culture was pure.
Analysis these isolates was chosen for further study and was desiganalysis confirmed preliminary results which indicated that nated strain PT-2.
the closest relative to strain PT-2 was D. vulgaris (4) . In this The nearly complete 16S rRNA sequence of strain PT-2 case, the similarity between the 16S rRNAs of strain PT-2 was aligned and compared with those of other representative and D. vulgaris was 93.9%, which is in close agreement with SRB, and a phylogenetic tree was constructed (Fig. 2) Phylogrid analysis of probe specificity. The availability of pure cultures enabled us to verify the specificity of the probe which targeted population type 2 by using a phylogrid membrane analysis (7) . Phylogrid membranes are nylon membranes that are (slot) blotted with nucleic acids from the targeted organism and from 64 nontargeted taxa which represent a diverse collection of Eukary, Archaea, and bacteria. All nontarget nucleic acids were from organisms with known small subunit rRNA sequences. A phylogrid was hybridized with a radioactive version of the population type 2-specific probe. An autoradiograph of the phylogrid indicated that the probe hybridized only with RNA from strain PT-2, and not with RNAs from any of the other 64 organisms (Fig. 3) . The population type 1-specific probe was not tested with a phylogrid membrane, since population type 1-specific nucleic acids were not available as a positive control.
Physiology of strain PT-2. Cells of strain PT-2 were strictly anaerobic and were able to use lactate, malate, fumarate, and formate as sources of carbon and electrons in PDP-1 medium, but no growth was observed on acetate, isobutyrate, or glycerol. In addition, poor but consistent growth was observed with ethanol or H2 plus CO2 as substrates. On all substrates tested, the cells required the addition of either sulfate or nitrate as an electron acceptor. Although our physiological studies were not exhaustive, the results with the substrates described above (which are normally diagnostic for SRB) indicated that the physiology of strain PT-2 is comparable to that of D. vulgaris (21) . Cells of strain PT-2 have been deposited with the American Type Culture Collection (ATCC 49975).
DISCUSSION
The limitations of using culture-dependent methods for studying the diversity and ecology of natural microbial communities are well known. As a consequence, the use of more-direct molecular characterizations has become common (for recent reviews, see references 13, 16-18 T, Thermotoga species, Spirochaeta species, and Chlorobium species; B & F, Bacteroides species and Flavobactenium species GP, gram-positive bacteria; P, proteo-(purple) bacteria; PT-2, duplicate blots of strain PT-2. The specific organisms used as sources for nucleic acids have been described previously (7) . The two probes used were 338, which binds to all bacteria (but not eukarya or archaea [1] ), and the population type 2-specific probe (4). various molecular methods being developed, those directed at using either small or large subunit rRNA sequences have held the greatest promise for the analysis of microbial populations within complex communities (1-5, 7, 8, 15, 19) . Within this phylogenetic framework, two molecular tools, rRNA-directed oligonucleotide hybridization probes and PCR amplification of 16S rRNAs, have proven valuable in initial studies of SRB populations in complex communities (4, 7) . In the present study, we used both of these rRNAbased approaches in combination with classic enrichment and isolation techniques. Thus, a population identified as a molecular isolate was subsequently obtained in pure culture by exploiting the original molecular information. This enabled us to verify the accuracy of retrieving sequence information from a complex environmental sample and will facilitate further in situ studies (see below). By contrast, in a recent study by Liesack et al. (10) , amplification of 16S rRNA genes (16S rDNA) by PCR and cloning and sequencing of amplification products revealed the creation of hybrid molecules from two different bacterial strains that had occurred as an artifact of the PCR. In regard to hybrid amplification product formation, it is worth noting that the DNA used as the template in that study was reported to be substantially degraded during preparation. Thus, the result might be better ascribed to the quality of the DNA template than to a general PCR artifact. In the case of 16S rRNA or rDNA sequences, however, detection of such artifacts is more straightforward than for other sequences, because there is an abundance of information concerning the secondary structure and conservation of the 16S rRNA molecule VOL. 59, 1993 with which to validate such sequences (22, 23 Curiously, when such cultures were diluted into agar roll tubes, only 10% of the colonies on solid medium were D. vulgaris-like, despite the highly enriched nature of the liquid culture. One explanation for this apparent discrepancy would be the presence of minor populations in the enrichment which were not as sensitive as strain PT-2 to heat from the agar medium prior to rolling and solidification. However, screening of cultures with the population-specific probe enabled us to easily identify the desired isolates, despite apparent loss of viability during dilution in roll tubes.
In conclusion, these results emphasize the value and complementarity of both molecular and classic microbiological methods. Now that we have been able to identify one of the dominant bioreactor SRB populations by molecular phylogenetic criteria and to subsequently obtain cells of the organism in pure culture, further, studies are possible. For example, we have begun to examine the correlation between rRNA content and the growth rate of strain PT-2 cells so that we might be able to estimate the growth rate of cells within the complex bioreactor community as it experiences changes in environmental conditions.
